Abstract. Chemoresistance is one of the most serious problems in the treatment of cancer. In the present study, we show that Fn14 promotes resistance to 5-fluorouracil (5-FU) in gastric cancer (GC). We found that 5-FU treatment upregulated Fn14 expression in various cancer cell lines, including GC cell lines, and that knockdown of Fn14 using shRNA accelerated 5-FU sensitivity. In contrast, Fn14 overexpression or TWEAK treatment promoted resistance to 5-FU. Furthermore, we investigated the mechanisms underlying Fn14-mediated chemoresistance. We first revealed that 5-FU-mediated upregulation of Fn14 occurred as a result of NF-κB activation, indicating that 5-FU-mediated NF-κB activation was the principal event underlying Fn14 upregulation and 5-FU resistance in GC. Taken together, our results suggest that Fn14 is a novel therapeutic target and that inhibition of Fn14 combined with 5-FU treatment may be an effective molecular therapeutic strategy to treat 5-FU-resistant gastric cancers.
Introduction
Fibroblast growth factor-inducible-14 (Fn14), originally identified as one of the growth factor-inducible genes present in murine fibroblasts, is the smallest member of the tumor necrosis factor (TNF) superfamily of receptors that lacks the cytoplasmic death domain (1) (2) (3) . The Fn14 gene is expressed in many tissues, including the heart, placenta, kidneys, lungs, and pancreas, and is located on human chromosome 6 (2). In the GENT database, Fn14 is upregulated in many tumor tissues compared to normal tissues (4) and has also been reported to be elevated in various cancers, including GC (2, 5, 6) . Addition of TNF-like weak inducer of apoptosis (TWEAK), a ligand for Fn14, activates Fn14 and increases cell survival, growth, and migration in some cancers (5, 6) . Inhibition of Fn14 expression decreases migration and invasion, whereas ectopic expression of Fn14 increases the invasive activity of prostate cancer cells (7) . The levels of Fn14 expression also affect the growth of GC cells (6) . A recent study reported that immunotoxins targeting the Fn14 receptor induce melanoma cell necrosis, which leads to growth inhibition (8) , suggesting that Fn14 may be an appropriate therapeutic target for cancer.
NF-κB is activated in response to various inflammatory agents, carcinogens, tumor promoters, and growth factors and regulates the expression of various genes that are involved in immunity, inflammation, cell survival, or oncogenesis (9, 10) . NF-κB is an inhibitor of apoptotic cell death and activates several target genes that are involved in preventing the induction of apoptosis (11) . NF-κB-mediated anti-apoptotic factors contain cIAPs, c-FLIP, and members of the Bcl-2 family (11) . NF-κB is constitutively active in cancer cells and is highly resistant to antitumor drugs or ionizing radiation, while inhibition of NF-κB activity greatly promotes sensitivity to such treatments (12) . TWEAK/Fn14 signaling is one of the important upstream stimulators of NF-κB activation resulting in induction of the expression of NF-κB-regulated anti-apoptotic genes (13, 14) . These anti-apoptotic genes are associated with the inhibition of apoptosis and the resistance to anticancer drugs, resulting in poor prognosis and shortened survival (15) , suggesting that the TWEAK/Fn14/NF-κB cascade may be involved in chemoresistance.
Identification of the major molecules that regulate cancer resistance and the development of new strategies to treat the disease are required to find an effective cure for cancer. Gastric cancer is a common malignancy that is associated with a high mortality rate. It is the fourth most commonly diagnosed cancer in the world and the third most common cause of cancer-related deaths (16) . Although many antitumor drugs have been used to treat patients with cancer, drug resistance has become a serious problem. Overcoming the problem of drug resistance could improve the efficacy of antitumor drugs. 5-FU is a chemotherapeutic agent that is widely used for the treatment of GC. 5-FU exerts its toxic effects on cancer cells by inducing apoptosis (17, 18) . However, the mechanism by which 5-FU activates the apoptotic process is not fully understood in GC. Clarification of the underlying mechanism may help TWEAK/Fn14 signaling mediates gastric cancer cell resistance to 5-fluorouracil via NF-κB activation to decrease the frequency of resistance to 5-FU-induced cell death in cancer. In this study, we investigated how the Fn14 molecule contributes to 5-FU chemoresistance in GC cells.
Materials and methods
Cell lines. Gastric cancer cell lines were cultured in complete RPMI-1640 medium. 293T cells were maintained in complete DMEM media. All cell lines were obtained from the Korean Cell Line Bank (http://cellbank.snu.ac.kr/index.htm), and all complete media contained 10% fetal bovine serum (Hyclone, Logan, UT, USA), 100 U/ml of penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA), 2 mM L-glutamine, and 0.5 mM HEPES. with siRNAs (100 nM) using Lipofectamine plus (Invitrogen). Cell growth was measured 24 and 48 h after 5-FU treatment using the CCK-8 reagent (Dojindo, Kumamoto, Japan).
Real-time RT-PCR.
Total RNA was isolated from GC tissues using an RNeasy kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions prior to treatment with DNase I (Promega). DNase-treated RNA was reverse transcribed using Superscript II reverse transcriptase (Invitrogen).
qRT-PCR was performed using an Exicycler Quantitative Thermal Block (Bioneer). The resulting cDNA was amplified using 2X SYBR Premix EX Taq (Takara, Shiga, Japan). β-actin was used as a loading control. The fold change in the expression of each gene was calculated using the ∆∆Ct method (19) . The primer sequences used were as follows: human p65, 5'-GCGAGAGGAGCACAGATACC-3' (forward) and 5'-CTGATAGCCTGCTCCAGGTC-3' (reverse); human Fn14, 5'-TTT CTG GCT TTT TGG TCT GG-3' (forward) and 5'-CTT GTG GTT GGA GGA GCT TG-3' (reverse); Bcl-xL, 5'-CTG AAT CGG AGA TGG AGA CC-3' (forward) and 5'-TGG GAT GTC AGG TCA CTG AA-3' (reverse); and human β-actin, 5'-CAA GAG ATG GCC ACG GCT GCT-3' (forward) and 5'-TCC TTC TGC ATC CTG TCG GCA-3' (reverse).
Western blot analyses. The cells were pelleted and lysed in NP-40 lysis buffer (20 mM Tris-HCl, pH 8.0, 140 mM NaCl, 10% glycerol, 1% NP-40, 2 mM EDTA, and protease inhibitor). Protein levels were quantified using the Bio-Rad protein assay method. The cell lysates were separated using SDS-PAGE. After electrophoresis, the proteins were transferred to nitrocellulose membranes, blotted with the relevant antibodies, and detected using ECL reagent (Amersham Bioscience, Buckinghamshire, UK). The primary antibodies used included Fn14 (Cell Signaling, Beverly, MA, USA), Bcl-xL (Cell Signaling), p65 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phosphor-IκB (Cell Signaling), IκB (Santa Cruz Biotechnology), and α-tubulin (Sigma).
Caspase-3/7 assay. SNU-216 and MKN-1 cells were seeded in 96-well plates and treated with 5-FU. After 48 h of treatment, the cells were washed once with 1X PBS, trypsinized, washed again with 1X PBS, and then resuspended in PBS. The cells were mixed with caspase-Glo-3/7 reagent (Promega) and incubated for 1 h at room temperature with agitation. The luciferase activity was measured using a luminometer and then normalized according to protein concentration.
Cell growth assay. Cells from different groups were plated into 96-well plates at 1x10 4 cells/well and maintained at 37˚C in a humidified incubator. The cells were treated with various amounts of 5-FU for 48 h. To assess the effect of TWEAK on cell survival, the cells were treated with 50 µg (SNU-216) or 20 µg (MKN-1) of 5-FU alone or in combination with TWEAK (100 ng/ml) for 24 h. Cell growth was measured using the cell counting kit (CCK)-8 (Dojindo).
Statistical analyses. Statistical analyses of differences between groups were performed using Student's t-test. A P<0.05 was considered to be significant.
Results

5-FU treatment upregulates the levels of Fn14 mRNA and protein in gastric cancer cells.
NF-κB is known to be activated by 5-FU, resulting in increased resistance to this drug (20) , and the Fn14 promoter is known to contain NF-κB binding sites, allowing for positive feedback between Fn14 and NF-κB to occur (21) . The results of our previous studies also revealed that Fn14 overexpression increased NF-κB transcriptional activity in gastric cancer cells (6) . Therefore, we investigated whether Fn14 was involved in chemoresistance in general and in 5-FU resistance in particular. We first examined Fn14 expression after 5-FU treatment of gastric cancer cells. Treatment with 5-FU upregulated Fn14 expression at both the mRNA and protein levels in SNU-216 and MKN-1 cells (Fig. 1) . We also examined Bcl-xL expression because Bcl-xL is regulated by Fn14 and NF-κB (6) and the expression of Bcl-xL is induced by 5-FU. Bcl-xL is also known to be upregulated in 5-FU-resistant colon cancer cells (22) . As predicted, Bcl-xL was upregulated following 5-FU treatment in both cell lines (Fig. 1) .
5-FU upregulates Fn14 gene expression via NF-κB activation.
We investigated the underlying mechanism by which Fn14 gene expression was upregulated following 5-FU treatment. We first performed NF-κB luciferase assays to examine 5-FU-mediated alterations in NF-κB transcriptional activity. 5-FU treatment increased the activity of the NF-κB reporter gene in a dose-dependent manner (Fig. 2A) . We further confirmed that inhibition of NF-κB activity was increased by 5-FU using the IκB kinase (IKK) inhibitor PS1145 (Fig. 2B) . We then inspected the expression levels of Fn14 after treatment of the cells with 5-FU alone or in combination with PS1145. As a result of 5-FU treatment, the increased levels of Fn14 expression were significantly reduced by PS1145 treatment at both the mRNA and protein levels ( Fig. 2C and D) . Bcl-xl also displayed similar results to those observed for Fn14 ( Fig. 2C and D) . In an effort to confirm the effects of NF-κB on Fn14 expression following 5-FU treatment, we used p65 siRNA to directly inhibit p65 expression. Similar to the results obtained following PS1145 treatment, knockdown of p65 reduced the increased expression levels of Fn14 as well as Bcl-xL following 5-FU treatment (Fig. 2E and F) , indicating that the 5-FU-mediated upregulation of Fn14 expression occurred as a result of NF-κB activation. We further examined the relationship between the expression levels of p65 and Fn14, as well as those of p65 and Bcl-xL, using the GENT database in gastric cancer cell lines and tissues (4). We observed significant positive correlations between the expression levels of those genes in gastric cancer cell lines and tissues (Fig. 3) , further supporting the notion that strong connections between these genes exist in gastric cancer.
Fn14 restrains 5-FU-induced apoptosis.
To investigate whether Fn14 expression had an effect on 5-FU-induced cell death, we transduced Fn14 shRNA into SNU-216 and MKN-1 cells using a lentiviral system. Transduction with Fn14 shRNA resulted in reduced levels of Fn14 protein compared to transduction with control shRNA (Fig. 4A and B) . We then examined whether reduced levels of Fn14 expression promoted sensitivity to 5-FU. As shown in Fig. 3A and B, the reduction of Fn14 expression by shRNA accelerated 5-FU-mediated inhibition of cell growth in both SNU-216 and MKN-1 cells. In contrast, overexpression of Fn14 by stable Fn14 DNA transfection in ASG cells weakened 5-FU-mediated inhibition of cell growth (Fig. 4C) . We next exposed the cells to 5-FU and analyzed caspase-3/7 activity using caspase-3/7 reagent. As shown in Fig. 4D , downregulation of Fn14 significantly increased caspase-3/7 activity compared to control shRNA. In contrast, overexpression of Fn14 decreased caspase-3/7 activity compared to empty vector-transfected cells (Fig. 4E) , indicating that Fn14 is an important determinant of apoptotic sensitivity following 5-FU treatment in these cells.
TWEAK stimulation also protects gastric cancer cells against 5-FU-induced apoptosis.
TWEAK transactivates the Bcl-xL promoter via NF-κB activation and increases resistance to cytotoxic therapy-induced apoptosis in glioma cells (23) . Therefore, we treated cells with 5-FU alone or in combination with TWEAK and then examined the effects of TWEAK on 5-FU-induced cell death. TWEAK treatment increased the rate of cell survival compared to 5-FU treatment alone in both SNU-216 and MKN-1 cells (Fig. 5A) . Although Fn14 is known to be a TWEAK receptor, TWEAK can mediate the differentiation of RAW264.7 cells, which do not express Fn14, into osteoclasts, indicating that other TWEAK receptors exist in cells (24) . To investigate whether these effects of TWEAK on 5-FU resistance were mediated through the Fn14 receptor, we treated cells expressing normal (shCTL) or reduced levels of Fn14 (shFn14) with 5-FU alone or in combination with TWEAK and then examined the rates of cell survival. TWEAK had no effect on 5-FU-induced apoptosis in shFn14-transduced cells compared to control cells (Fig. 5B) .
The presumption of NF-κB involvement in TWEAK/Fn14-mediated resistance to 5-FU was ascertained using p65 siRNA. We first transiently transfected p65 siRNA into SNU-216 and MKN-1 cells and confirmed the reduced levels of p65 expression at the protein level via western blotting in both cell lines (Fig. 5C) . The survival rate of p65 siRNA-transfected cells was compared with control siRNA-transfected cells after 5-FU treatment. The results indicated that knock-down of p65 promoted sensitivity to 5-FU (Fig. 5C ). We then examined the involvement of Bcl-xL in 5-FU resistance because Bcl-xL is a target gene of NF-κB as well as Fn14, as mentioned previously. Knock-down of Bcl-xL using siRNA also accelerated 5-FU sensitivity compared to control siRNA (Fig. 5D) .
Bcl-xL and Fn14 are also upregulated by 5-FU in various cancer cell lines. We wondered whether the upregulation of Fn14 expression by 5-FU was limited to gastric cancer cells. To investigate whether the effects of 5-FU on Fn14 expression occurred in other cancer cell lines, we downloaded gene expression microarray data from the NCBI Gene Expression Omnibus (GEO) and examined the expression of Fn14 in various cancer cell lines. We discovered that various cell lines displayed Bcl-xL and Fn14 upregulation after 5-FU treatment (Fig. 6) . Interestingly, Fn14 expression was upregulated by 5-FU treatment in both solid (Fig. 6A and B) and liquid (Fig. 6C) tumor cells, indicating that the relationship between Fn14 and Bcl-xL expression and 5-FU is universal in cancer.
Discussion
NF-κB plays an important role in cell proliferation, apoptosis, and resistance to antitumor agents (25, 26) . In the field of chemotherapy, persistent activation of NF-κB interrupts the effects of antitumor drugs, resulting in increased resistance to these agents (27) . Therefore, the regulation of NF-κB activity may be a useful therapeutic strategy for treating cancer because drug resistance is the major reason for cancer therapy failure. We previously reported that Fn14 is involved in the growth of gastric cancer cells through NF-κB activation, leading to upregulation of the anti-apoptotic protein Bcl-xL, which is an anti-apoptotic member of the Bcl-2 family that is involved in cancer chemoresistance (28) , and that high levels of Fn14 expression are associated with poor clinical outcomes among gastric cancer patients (6) . These results prompted us to examine the relationship between Fn14 and NF-κB in chemoresistance in gastric cancer. Although NF-κB is widely known to be involved in chemoresistance in cancer, additional studies are necessary to clarify the underlying mechanism by which NF-κB contributes to chemoresistance in cancer in general and in gastric cancer in particular.
5-FU-induced apoptosis is mediated predominantly by the mitochondrial apoptotic pathway, which occurs as a result of the activation of cytochrome c-mediated caspase-3 (17, 18) . Evidence indicates that management of the mitochondrial apoptotic pathway may, at least in part, contribute to solving the problem of drug resistance. Bcl-2 and Bcl-xL block the release of cytochrome c followed by caspase-3 activation through stabilization of mitochondrial membrane integrity and subsequent regulation of the mitochondrial apoptotic pathway (18, 22) . Indeed, Bcl-xL is overexpressed in 5-FU-resistant cells and knock-down of Bcl-xL expression promotes sensitivity to 5-FU in colon cancer (29) . In addition, Bcl-xL shows anti-apoptotic effects on other antitumor drug (30) . Consistent with this evidence, our present study showed that Bcl-xL was upregulated by 5-FU and that knock-down of Bcl-xL hastened the 5-FU-induced growth inhibition of gastric cancer cells, indicating that Bcl-xL is one of the main determinants in chemoresistance.
A previous study demonstrated that TWEAK prevents glioma cells from TRAIL-or camptothecin-induced cell death through activation of the NF-κB pathway and that TWEAK increased the expression of anti-apoptotic proteins (23) . A recent report also showed that Fn14 expression correlates with p-EGFR levels and is upregulated in EGFR-mutant cells that contain an EGFR TKI-resistant mutation (31) , indicating that the TWEAK/Fn14 pathway is involved in resistance to antitumor drugs. In our present study, we showed that knock-down or overexpression of Fn14 led to the promotion of sensitivity or resistance to 5-FU, respectively. The effects of Fn14 on antitumor drugs are likely related to activation of the NF-κB pathway. NF-κB is widely known to be regulated by TWEAK/ Fn14 signaling, indicating that TWEAK/Fn14 signaling may contribute to constitutive NF-κB activity in gastric cancer cells and, hence, may lead to resistance to multiple antitumor drugs.
The HER2 proto-oncogene, which is a transmembrane tyrosine kinase receptor and a member of the ErbB protein family, is considered to be a putative Fn14 inducer. Expression of HER2 is significantly associated with that of Fn14 in breast cancer (32) . Although it is not clear whether HER2 directly regulates Fn14 expression, it is of interest to note that HER2 can activate NF-κB (33) and, hence, may lead to upregulation of Fn14 gene expression. HER-2-overexpressing breast cancer cells are less responsive to antitumor drugs than cells that normally express HER-2, and ectopic expression of HER-2 promotes resistance to chemotherapies (34, 35) , suggesting that activation of the NF-κB/Fn14 cascade by HER-2 may be involved in chemoresistance. Fn14 activation is also elicited by proinflammatory cytokines, including IFN-γ and IL-1β, and treatment with the HMG-CoA reductase inhibitor atorvastatin, which is known to decrease NF-κB activation, diminishes cytokine-induced Fn14 expression in vascular smooth muscle cells (36, 37) . In addition, increased secretion of IL-1β by nitric oxide (NO) leads to the induction of chemoresistance in pancreatic carcinoma cells (38) . Our study using public data revealed that 5-FU treatment upregulated Fn14 expression in various cancer cell lines independent of tumor type (solid or liquid tumor). Taken together, these results strongly suggest that Fn14 may be involved in chemoresistance in many cancers as an up-or down-stream regulator.
In conclusion, we revealed that Fn14 and Bcl-xL were upregulated by 5-FU-mediated NF-κB activation and promoted resistance to 5-FU in gastric cancer cells. In addition, we demonstrated that Fn14 is a new facilitative determinant in NF-κB-mediated resistance to 5-FU in gastric cancer. Positive feedback between TWEAK, Fn14, and NF-κB may give rise to more synergistic restraints on chemotherapy. Although it is necessary for us to elucidate whether Fn14 only limits the function of 5-FU in gastric cancer, the results presented here support the notion that Fn14 targeting may elevate the efficacy of current GC therapies. These results may also apply to other cancers because we discovered that Fn14 is upregulated by 5-FU in various cancer cell lines.
